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Abstract

Background: Oxidative stress is supposed to be implicatedhim pathogenesis of
several diseases which are connected with increfasettion of reactive oxygen and
nitrogen species (RONS). Oxidative stress couldy pd@ important role in the
pathogenesis of inflammation and sepsis, acute @dmdnic pancreatitis or in the
development of cancer. Organisms are protectechstg@iONS from antioxidant system
that is composed of antioxidant enzymes and nogreatic antioxidants. To the most
important antioxidant enzymes belong superoxidendiase (SOD), catalase (CAT),
glutathione peroxidase, glutathione reductase amdoponase (PON). The aim of this
Doctoral Thesis was to investigate the behaviouhode of these antioxidant enzymes
— CuznSOD, CAT and PONL in different pathophysiatagstates.

Materials and methodsThe activities of CuZnSOD, CAT and PON1 were meadumn
six different pathophysiological states. Forty eats with metabolic syndrome (MetS),
35 women with depressive disorder (DD), 30 sepatents (SP), 50 patients with
pancreatic cancer (PC), 50 patients with chronicpaatitis (CP) and 13 patients with
acute pancreatitis (AP) were included in differstudies together with sex- and age-
matched healthy controls (CON). Patients with AH &P were observed in the course
of the disease and samples were taken four tintese(ttimes, respectively). The
enzymatic activities were determined with spectadpmetric kinetic methods. In all

these studies also the levels of oxidative stremkans were measured.

Results:The activity of CAT was found to be decreased itigpdés with sepsis or septic
shock, MetS and PC in comparison with CON, whilgatients with DD, CP and AP
no differences in CAT activity were detected. Thtivaties of CuZnSOD were in the
contrast to CAT either increased or unaffectedrdased activities of CuZnSOD were
observed in MetS, DD, PC and SP, while no diffeesnim CuZnSOD activities were
found between CP or AP and CON. In all observedchqgutysiological states the
arylesterase activity of PON1 was measured andfawasd to be decreased (with the

exception of DD) in comparison with CON.

Conclusion: It was shown, that all selected diseases are ctavhesith increased

oxidative stress, which leads to the changes ilmxddant enzymes activities.



Abstrakt

Uvod: U onemociini spojenych se zvySenou tvorbou reaktivnichéain kysliku a
dusiku (RONS) seippoklada tast oxid&niho stresu v jejich patogenezi. Oxida
stres hraje roli ¥ack onemocgini; vyznamnou tlohu ma v patogenezeéram sepse,
akutni a chronické pankreatitidyvzniku rakovinného bujeni. Organismus je proti
puasobeni RONS chré&n antioxid&nim systémem, ktery je tien antioxid&nimi
enzymy a neenzymatickymi antioxidanty. K ne@fitéjSim antioxid&nim enzynim se
fadi superoxiddismutasa (SOD), katalasa (CAT), thidaperoxidasa (GPX),
glutathionreduktasa (GR) a paraoxonasa (PON). Cié¢ondisertani prace bylo
vySeteni aktivity ti téchto antioxidanich enzyni — SOD, CAT, PON zaiznych
patofyziologickych sta.

Material a metody:U Sesti fiznych patofyziologickych sta@vbyly méieny aktivity
CuzZnSOD, CAT a PONL. Do jednotlivych studii byldazeno 40 pacieit

s metabolickym syndromem (MetS), 35 Zen s deprépieruchou (DD), 30 pacieinse
sepsi (SP), 50 paciéns karcinomem pankreatu (PC), 50 padienthronickou
pankreatitidou (CP) a 13 paciérd akutni pankreatitidou (AP). Ke kazdé sledované
skupire pacient byla z&azena téz kontrolni skupina sparovana na zakiegl a
pohlavi (CON). Pacienti s AP a SP byli sledovapribéhu jejich onemoceni a
vzorky byly nabirdny celkem 4x respektive 3x. Akihantioxidanich enzyni byly
stanovovany spektrofotometrickymi kinetickymi mesod. Ve vSech studiich byly

zaroveh méreny markery oxidéniho stresu.

Vysledky:Snizené hladiny aktivit CAT byly pozorovany u pati se sepsii

septickymi Sokem, MetS a PC v porovnani s kontrglaatimco u pacieiits DD, CP a
AP nebyly zjiSény Zzadné rozdily v aktiwitCAT pii srovnani s CON. U paciehs

MetS, DD, PC a SP byly zj&ty zvySené aktivity CuZnSOD, i kdyZ u pacigstCP a
AP nebyly pozorovany rozdily v aktigitCuZnSOD pi srovnani s CON. U vSech
sledovanych patofyziologickych stays vyjimkou depresivnich poruch) byly nalezeny
snizené aktivity PON1 v porovnani s CON.

Zaver: Provedené studie ukazuji, Ze vSechna sledovamaammeni jsou spojena

se zvySenym oxidaim stresem, v ramci kterého dochazi k owivinchovani nami

sledovanych antioxigaich enzyn.
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1. Introduction

Antioxidants are compounds that control the redabaice in biological systems. Even
in small concentrations they prevent the oxidatbmstable substrates and/or eliminate
the reactive oxygen and nitrogen species (RONS).tioRidlants represent
heterogeneous group of chemical compounds withemspo their structure and
function. They could be divided according to thdocation to extracellular
(paraoxonase, albumin, bilirubin, etc.), membrargaihin E, phospholipase$;-
carotene) and intracellular (catalase, glutathi@seorbic acid, etc.) antioxidants and
according to their character to enzymatic and nunsaatic antioxidants. To the most
important antioxidant enzymes belong superoxidendtase (SOD), catalase (CAT),
glutathione peroxidase (GPX), glutathione reduc{&®) and paraoxonase (PON). The

most important non-enzymatic antioxidant is redugiediathione (GSH).

In physiological conditions there is equilibrium tlveen RONS’s creation and
degradation in organism due to the antioxidantghéncourse of metabolic processes
different RONS are created and organism is ableiticze them; for example the
elimination of pathogenic organisms by leukocytes bpitrogen oxide as
neurotransmitter. However, overproduction of RONS connection with impaired
function of antioxidant system leads to oxidatitress. It was shown that RONS and/or
oxidative stress could be involved in the pathogene®f some diseases such as
atherosclerosis, diabetes mellitus, inflammatiord aepsis or neurodegenerative
diseases. The role of RONS in clinical medicine wadetail described by Macasek et

al. (2011; supplement 5).

The research of RONS and antioxidants became aitieisle in medicine in the recent
years. This doctoral thesis deals with the activityhree antioxidant enzymes — SOD,
CAT and PON in different pathophysiological statégtivities of these enzymes
together with levels of oxidative stress markersrewestablished in patients with
metabolic syndrome (MetS), depressive disorder (Ddgpsis or septic shock (SP),

pancreatic cancer (PC), chronic (CP) and acuterpatitis (AP).
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1.1. Catalase

Catalases (CAT, ¥, : H,O, — oxidoreductase, EC: 1.11.1.6), enzymes with long
history, that goes back to the™8entury, when they became one of the first sountes
valuable information about the nature and behavaiuenzymes (Zamock§ Koller,
1999). The name catalase became in 1900 accomliitg ¢atalytic action on hydrogen
peroxide (Loew, 1900). Human catalase belongsdogtbup of monofunctional hem-
containing catalases; members of this large sulpgaoe found in almost all aerobically
respiring organisms (Chelikani et al., 2004; Zanyock Koller, 1999). Catalase is
primarily an intracellular enzyme; the highest camications in mammalians are in
erythrocytes and liver and occasionally in kidn®eigseroth& Dounce, 1970). In
tissues such as liver, catalase is found predortiinam peroxisomes (Quan et al.,

1986). In the following text, human catalase waél discussed.
1.1.1. Structure

Human catalase (Figure 1a) is a tetrameric praieRd4kDa comprising four identical
subunits of 69.7 kDa. Each subunit contains 527/aracid residues, one heme group
with iron in the ferric state and a tightly boundlecule of NADPH (Kirkman&
Gaetani, 1984; Ko et al., 2000; Safo et al., 200he subunit could be conceptually
divided into four domains (Figure 1b): N-terminddré¢ading arm (residues 5-70),
wrapping loop,3-barrel comprised of two four-stranded sheets a#ftelical domain
composed of four helices4 toa7 (residues 155-207) and four C- terminal helc&6

to al9 (residues 440-501). The human catalase is exéyshydrated, only the
hydrophobic-barrel and the immediate vicinity of the activéesare substantially

devoid of the structural water molecules (Putnaial.e2000).

The active site of enzyme is internally located andtains the heme prosthetic group,
namely iron(lll) protoporphyrin IX (Kirkma& Gaetani, 2006). The structure of CAT
shows, that the iron protoporphyrin is pentacoat#d (Figure 1c); to the substrate
accessible at his distal side. The reactivity ef lleme is tuned by electron donation by
the Tyr358 ligand, and neutralization of the cafdate charge by Arg72, Argl12 and
Arg365. In the active site charge relay are invdlfeur amino acid residues on the
proximal side of the heme: His218, Asp348, Arg36d ayr358 (Putnam et al., 2000).

There are three channels that have been implieatgabtentially having a role in access

11



to the active site — the perpendicular = main cekaifRigure 1d), the lateral = minor
channel and channel leading from heme to the decdraty of the tetramer. All three
channels are quite narrow; this restricts accdggilib relatively small molecules.
(Switala& Loewen, 2002).

helical domain

threading _
.:ﬂ". am —~d

Figure 1: Structure of human catalase

A: Structure of human catalase; B: individual uoit human CAT, helices — blug;
barrel - yellow; C: Active site of human catalad®; main channel; E, F: NADPH
binding site, NADPH - bronze; heme —rédutnam et al., 2000).

Human catalase binds the molecules of NADPH orstitface of the molecule at a cleft
between the6 anda7 helices of helical domain and tRebarrel. The NADPH binding
pockets (Figure 1e, f) contain His194, Arg203, \@@3Trp303 and His305, which may
be considered to be signatures for NADPH bindingtr{f@m et al., 2000; Chelikani et
al., 2004). The reduced form of NADP - NADPH has thighest affinity to catalase
surface. The order of affinity is NADPH NADH >> NADP' > NAD". The
dissociation constant for NADPH is less than 10nkirkman & Gaetani, 1984).
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Normal erythrocytes contain 1.31-2gLl CAT/mg Hb. These values correspond to an
expected concentration of 6.6 to 13.KM for catalase-bound NADPH in human
erythrocytes (Kirkman& Gaetani, 1984). The concentration of unbound NADP
human erythrocytes is approximately\ (Kirkman et al., 1987).

Human erythrocyte catalase has been crystallizedorthorhombic, monoclinic,
tetragonal and hexagonal unit cells till now (Matél., 1999; Ko et al., 2000; Putnam
et al., 2000; Safo et al., 2001).

1.1.2. Function

The main function of catalase is the decompositibhydrogen peroxide to water and
oxygen — catalatic activity. It is generally acaghtthat this reaction occurs in two

steps.

(1) H,c=CH CH,

+ H0;

CH,

' i - - .
HOOC-CH,-CH, | CH,-CH,—-COOH
iron(IV) oxo-protoporphyrin I>’%

Tecation radical compound |
(2) H,C=CH
— (l{:(!!z
+ H,0 + 0,
CH,
! | | . : :
HOOC-CH,-CH, | CHyCH,~COOH HOOC-CH,-CH, |  CHy~CH,~COOH
iron(IV) oxo-protoporphyrin IX E
Tecation radical E compound | iron(lll) protoporphyrin IX ferricatalase

Scheme |: Catalatic reaction of catalase

In the first step reacts one molecule of hydrogesroxide with the iron(lll)
protoporphyrin 1X group of CAT (ferricatalase). this step compound-l and one

molecule of water are formed, through what is kn@asrneterolytic scission of peroxide

13



O-0O bond. Compound-I is iron(IV) oxo-protoporphyrrcation radical of CAT. In the
second step compound-l reacts with the second mieleaf hydrogen peroxide, a
molecule of oxygen and molecule of water are preducand the iron(lll)
protoporphyrin IX group of CAT is regenerated (Suleel). Both forms of CAT —
ferricatalase and compound-I — are active formthsf enzyme (Kirkman et al., 1987,

Almarsson et al., 1993; Kirkmaga Gaetani, 2006).

In the reaction of compound | with a single elestad the compound-II, the inactive
form of CAT, is formed. Compound-Il is iron(IV) oxarotoporphyrin 1X (Kirkman&
Gaetani, 2006), however it was provided that itsexialso in iron(IV) hydroxy-
protoporphyrin IX form (Scheme 1), (Rovira, 2005).

(&) Compound | + e Compound I

(b) H,C=CH CH,

HOOC-CH,-¢H, |  CHy-CHy-COOH goOC-CH,-CH, |  CHy~CH,~COOH
E E

iron(1V) oxo-protoporphyrin IX compound Il

Scheme IlI: Formation of compound Il

During lengthy exposure of CAT to,B8,, the CAT bound NADPH became oxidized to
NADP" and the activity of enzyme fell to about one-thafcthe initial value. NADPH
protects CAT against inactivation by,® (Kirkman & Gaetani, 1987). The exact role
and function of NADPH in CAT was discussed in diffiet articles (Kirkman&
Gaetani, 1987; Hillag& Nichols, 1992; Almarsson et al., 1993; OlsbrBruice, 1995;
Kirkman et al., 1999; Rovira 2005; Kirkma Gaetani, 2006). It was estimated, that
NADPH prevents the formation of compound Il andoatsildly increases the rate of
removal of compound Il (Kirkman et al., 1999). Alrean et al. (1993) proposed that
NADPH could react with both - compound | and commbill (Scheme llI).

14



Reaction with compound |

1. Compound | + NADPH- Compound Il + NADPH
2. NADPH" +B - NADP + BH’
3. Compound Il + NADP - ferricatalase + NADP

Reaction with compound I

1. Compound Il + NADPH . ferricatalase + NADPH
2. NADPH" +B - NADP + BH’
3. NADP' + O, -~ NADP' + O,

Scheme llI: Reactions of NADPH with compound | andl

In addition to a very efficient catalatic reactiorode, catalase could also catalyse 2-
electron peroxidations of short-chain aliphaticohlols at reasonable rates (Zamoéky
Koller, 1999). The catalatic reaction predominatgsen the HO, concentration is
higher than 1M, while below this concentration in the presendeap acceptable
hydrogen donor the peroxidatic reaction dominatdaté et al., 1999). Peroxidatic
activity is relatively slow (Kirkman& Gaetani, 2006). There are three families of
enzymes which could remove hydrogen peroxidesviva catalases, glutathione
peroxidases and peroxiredoxins. Catalase may bkethenzyme for kD, removal in
peroxisomes, although peroxiredoxin 5 may contebut low HO, concentrations
GPX1 and peroxiredoxins are responsible for itsradgtion. Although peroxiredoxins
are slower at catalysing.B, degradation than GPX1, it is suggested that atHo@.
concentrations, peroxiredoxins dispose most ofOHgenerated inside the cells
(Halliwell & Gutteridge, 2007).

In 2003 Heck et al. discovered, that in keratinesyCAT could generate reactive
oxygen species (ROS) in response to UV light. Thiéty of the enzyme to generate
ROS depended on the dose of UV light utilized amdhe concentration of CAT (Heck
et al., 2003). Chelikani et al. speculate thatN#&DPH cofactor could have a role in
ROS generation suggesting another role for NADPdaitalase physiology (Chelikani
et al., 2004).

15



1.1.3. Determination

For the determination of the activity of CAT numesomethods were used. The first
methods were based on permanganate (von EBuldosephson, 1927) or iodimetric
(Yamagata et al., 1952) titrations. For the reactoth permanganate, the photometric
detection was later applied (Goldbli& Proctor, 1950). In 1958 Dobkin and Glantz
presented colorimetric method for CAT determinati@sed on reaction of hydrogen
peroxide with ferricyanide in alkaline solution (Blon & Glantz, 1958). Another
possibility of colorimetric determination of the srdual hydrogen peroxide after
incubation with CAT was described by Cohen et H896). In this method ferrous ions
and thiocyanate were used for thgdzdetermination (Cohen et al., 1996)

The flotation rate of a paper disk saturated wiil ¢nzyme solution was also utilized
for the CAT activity measurement. The method issdasn the liberation of oxygen due
to the action of catalase on hydrogen peroxide f@agt al., 1959; Lamoureux et al.,
1987). Wheeler et al. (1990) have automated the @éivity determination that was
previously described by Johanss&nBorg (1988). The method measured peroxidatic
activity of CAT and is based on the reaction of #rezyme with methanol in the
presence of an optimal concentration of hydrogemoxpge. The formaldehyde
produced is then measured spectrophotometricallth wi-amino-3-hydrazino-5-
mercapto-1,2,4-triazole (Purpald) as a chromogehe@ér et al., 1990; Johanss&n
Borg, 1988). In 1996 discontinuous measurement @&T Cactivity at nearly
physiological levels of hydrogen peroxide was dégsd by Ou& Wolff. They used

ferrous oxidation in xylenol orange for CAT actiwdetermination (O& Wolff, 1996).

For the determination of CAT activity also polaraghic (Goth& Mészaros, 1975),
gasometric (Siqueira et al., 1999), fluorometric | Wet al.,, 2003) and
chemiluminiscence (Mueller et al., 1997) assaysweilized. However, the most used
method is those of Aebi; it is spectrophotometretimod, based on the measurement of

decomposition of hydrogen peroxide at 240nm (A&8&v4).

Concentration of CAT was determined with immunocluaiassays (Higashi et al.,
1961). The polarography was used as other posgibib measure the CAT
concentration. In this method CAT was measured ksameously with SOD (Rig&
Rotilio, 1977).
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1.2. Superoxide dismutase

In 1969 McCord and Fridovich have shown that cogpeteins that were previously
isolated from bovine (in 1939, “hemocuprein”) anduntan erythrocytes
(“erythrocuprein”) are associated with the enzymattivity of superoxide free radical
anion dismutation. The proteins became its namerduy to its function — superoxide
dismutase (McCoré& Fridovich, 1969).

In mammalians three different isoforms of superexidismutase have been
biochemically and molecularly characterized. FystSOD1, or CuZnSOD (EC
1.15.1.1) that is a copper and zinc-containing hdimer found almost exclusively in
intracellular cytoplasmic space. The second formS@fD containing manganese as
cofactor is SOD2, or MnSOD (EC 1.15.1.1). MnSODnisially synthesized in cytosol
as a tetramer containing a leader peptide whichetarenzyme exclusively to the
mitochondrial spaces. SOD3, or EC-SOD (EC 1.15.&xi3ts as a copper and zinc-
containing tetramer with a signal peptide that dsethis enzyme exclusively to the

extracellular space (Zelko et al., 2002).

This Thesis is focused on the human CuzZnSOD thatdsly distributed in the nucleus
and cytosol of human cells and in lower concerdgratilso in peroxisomes. (Crapo et
al., 1992).

1.2.1. Structure

Human CuzZnSOD is a dimeric enzyme of relative malecmass 32,000 Daltons,

containing two identical subunits of circa 150 amatids. Each monomer is built upon
a p-barrel motif and possesses two large functiona@ityportant loops, called the

electrostatic and zinc loops, which encase the Irbatding region that binds one

copper and one zinc ion (Figure 2a). It has beenddhat in the active site the copper
ion is coordinated by the nitrogen atoms of fowtiline residues (His46, His 48, His
63 and His120) and by a water molecule. One ohtbtdine residues (His63) bridges
copper and zinc when the copper ion is in the oRidation state (Figure 2b).

Coordination of zinc is completed by two other idiste residues (His71 and His80)
and one aspartate residue (Asp83) in a tetrahgemhetry (Figure 2c); (Potter et al.,
2006; Hart et al., 1998; Banci et al., 1999). A togeen bond network further stabilizes
the structure around the metal ions (Valentind.e2805).
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Figure 2: Structure of human CuZn-Superoxide dismuase

A: The structure of CuzZnSOD dimer, copper ions:egtezinc ions: gray, the
intramolecular disulfide bonds: orange, zinc loopsian, electrostatic loops: pink
(Potter et al., 2006); B: Active center of CuZnSQlat: water (Hart et al., 1998); C:
The coordination of zinc in CuZnSOD (Banci et H999).

1.2.2. Function

The main function of superoxide dismutase is theodw®osition of superoxide to
hydrogen peroxide and oxygen - dismutation. It idely accepted, that this reaction
occurs in two steps. The first step of the reacflecheme 1V) involves the reduction of
Cu(ll) by superoxide, producing dioxygen and Cdghm of SOD. In the second step
Cu(l) form of SOD is oxidized by another superoxigeoducing hydrogen peroxide
(Rotilio et al., 1972a; Rotilio et al., 1972b; KHRpth et al., 1973; Fielden et al., 1974).

(1) 05" + Cu(I)ZnSOD=> O, + Cu(1)ZnSOD
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(2) Oy + Cu(l)ZnSOD + 2H = Cu(l)ZnSOD + HO»
Scheme IV: Reaction mechanism of superoxide dismuta

The reduced Cu(l) form of the enzyme has anothectstre than the oxidized one: the
copper ion undergoes a shift in position, movingyadom the His63 nitrogen where
was bound in the oxidized form of the enzyme. Tdygper ion also releases the water
ligand, going from irregular five-coordinate geonyeb a nearly trigonal planar three-
coordinate configuration. His63 is bind exclusiviythe zinc ion that remains in

tetrahedral geometry (Figure 3); (Valentine et2005).

Figure 3: Active site of CuzZn-Superoxide dismutasén reduced form (Valentine et
al., 2005)

1.2.3. Determination

Indirect two steps methods are mainly used fordétermination of CuZnSOD activity,
because of the low stability of its substrate —esagide (Flohé& Otting, 1984). In the
first step of the reaction superoxide is generagdither enzymaticallyor non-
enzymatically. To give a controlled rate of supédexgeneration, the system»ainthine
plus xanthine oxidase is usell¢Cord & Fridovich, 1969Beaucham@® Fridovich,1971;
Stipek et al. 1995). Superoxide could be generated-enzymatically by the
autooxidation of epinefrin (Misr& Fridovich, 1972) or pyrogallol (Marklund
Marklund, 1974), or by the degradation of potasssuperoxide (Marklund, 1976). In
the second step of the reaction the generatioupérexide is spectrophotometrically

detected using indicator which reacts with supet®xNitro blue tetrazolium salt - NBT
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(Beauchamp& Fridovich, 1971; Stipek et al., 1995) or cytochrome ¢ (McCérd

Fridovich, 1969) could be used as indicators.

1.3. Paraoxonase

Paraoxonase gene family is composed of three menit@N1, PON2 and PON3 that
are located adjacently on chromosome 7 in humarécdgiBrt et al., 2011). The PON
proteins share 60% sequence identity. The nameappanase, is purely historical, as
the PON members are a hydrolase family with onthefbroadest specificities known
(Harel et al., 2004). This thesis is focused onhilnman PONL1.

Paraoxonase-1 (PON1; EC 3.1.8.1.) is synthesizethanliver and secreted into the
blood, where it associates with HDL (high-densiiyoprotein), (Deakin& James,
2004).

1.3.1. Structure

Human paraoxonase 1 is glycoprotein with the sfZ3d00 kDa, including 354 amino
acids and four potentidl-linked glycosylation sites (Josse et al., 2001)e Tholecule
of PON1 forms six-bladefl-propeller (Figure 4A, 4B), where each blade cargdour
strands (Harel et al., 2004). A disulfide bond s @1-Cys 352 forms the covalent
closure of the N and C termini which is consernde@uighout the PON family (Josse et
al., 2001).

In the central tunnel of thgpropeller, there are two calcium ions 7.4 A afiamn each
other. One calcium ion could be found at the topl()Cand one in the central section
(Ca2) of the tunnel (Harel et al., 2004; Harel et 2007). Ca2 (Figure 4C) is most
probably a “structural calcium” whose dissociatleads to irreversible denaturation of
protein (Kuo& La Du, 1998)Cal is assigned as the “catalytic calcium” an@@nss to
interact with five protein residues (the side chaxygens of Asn224, Asn270, Asn168,
Asp269 and Glu53) one water molecule and one ofothgens of a phosphate ion
(Figure 4D); (Harel et al., 2004).

There are four potenti®d-glycosylation sites on PONL1: two glycan chainslareed to
asparagine residues in positions 253 and 324 dacsufoops (Kuo% La Du, 1995),
two other potential positions are Asn224 and Asn#YGhe central tunnel of the

propeller and are largely inaccessible (Harel ¢t28104). Glycosylation is not essential

20



for the hydrolytic activities of PONs (Josse et 4099), however may be important in
increasing their solubility and stability, or ingwenting nonspecific binding to the cell

membranes (Harel et al., 2004).

Figure 4: Structure of paraoxonase 1

A: Overall structure of PON1, view of the six-blddg&propeller from above. Shown
are the N and C termini, and the two calcium atamshe central tunnel of the
propeller (Cal, green; Ca2, red); B: Overall struo¢ of PON1, a side view of the
propeller, including the three helices at the tdptlee propeller (H1-H3); C: Detailed

view of PON1's calcium binding site for the innestr@ctural) calcium (Ca-2). D:

Detailed view of PON1’s calcium binding site foethpper (catalytic) calcium (Ca-1);
W: water molecule; N: Asn, E: Glu, D: Adpiarel et al., 2004).

PONL1 is synthesized in the liver and secreted th&o blood, where associates with
HDL particles. In anchoring of PON1 to HDL, the Ingdhobic N terminus of PONL1 is
thought to be involved (Sorenson et al., 1999). @ihtere sequence of the N terminus is
compatible with a transmembrane helix and formshefixes: H1 hydrophilic part of N
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terminus and H2 with amphipathic character. Heliedsand H2 form two adjacent
hydrophobic patches that provide a potential men#standing surface (Figure 5). The
interface with HDL was further defined by a chaeaistic ‘aromatic belt’ rich in
tryptophan and tyrosine side chains (Tyr185, P& I§r190, Trpl194, Trp202) and by
a lysine (Lys 21) side chain on H1 (Harel et 80042).

¥ A HDL

Figure 5: Association of paraoxonase 1 with HDL péicles

Proposed model for anchoring of PON1 to the surfaicélDL. Hydrophobic residues
proposed to be involved in HDL anchoring (side alsayellow). The active site and the
selectivity-determining residues are blue, andghgposed glycosylation sites (Asn253
and Asn324) are redHarel et al., 2004).
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Figure 6: The postulated catalytic site of paraoxoase 1(Harel et al., 2004)
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At the very bottom of the active site cavity laysetupper calcium (Cal), and a
phosphate ion. The study of Josse et al. (2001ptifee four histidine residues
(His115, His134, His243, His285) and one tryptophesidue (W281) to be essential
for the activity of PON1. Later in the study of idhet al. (2004) the His115-His134
dyad was identified (Figure 6) and it was hypothedithat His115 (4.1 A from Cal)
acts as a general base to deprotonate a single mvatecule and generate the attacking
hydroxide, whereas His134 acts in a proton shuttéehanism to increase His115’s
basicity (Harel et al., 2004).

1.3.2. Function

A variety of physiological roles have been propofedPONs. Serum PON1 catalyzes
the hydrolysis and thereby the inactivation of axtike paraoxon (from which it takes
its name; diethyl 4-nitrophenyl phosphate), chloifog oxon and diazoxon which are
toxic metabolites of organophosphate insecticidles parathion Q,0-Diethyl O-(4-

nitrophenyl)  phosphorothioate) and chlorpyriphos ,giethyl 0O-3,5,6-
trichloropyridin-2-yl phosphorothioate). Paraoxomas able to hydrolyze also the nerve
agents sarin ((RS)-propan-2-yl methylphosphonoitlade) and soman (3,3-

dimethylbutan-2-yl methylphosphonofluoridate). Indddion, PON1 hydrolyzes
arylesters like phenylacetate, thiophenylaceta® 2smaphthylacetate (Davies et al.,
1996; Aviram et al., 1998a). It also hydrolyseded#nt aromatic and aliphatic lactones
as well as cyclic carbonates like homogentisic deictone, dihydrocoumariny -
butyrolactone and homocysteine thiolactone (Bilkeak al., 2000; Rajkovic et al.,

2011).

His134 H His134 H
N N
iz B ROH
\: H
His115 ,31) His115

/Y
1|N

H
beH OR
'D'\-._.—d/"l‘ll

o7

= L(:[" = _07;0/
l B (OR

H-

Scheme V: Reaction mechanism of paraoxonasdgHarel et al., 2004)
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Proposed mechanism of action of PON1 on ester mbstsuch as phenyl and 2-
naphthylacetate is shown in the scheme V. The diiegp involves deprotonation of a
water molecule by the His-His dyad to generate diidie anion that attacks the ester
carbonyl producing an oxyanionic tetrahedral intedmate. This intermediate breaks
down (second step) to an acetate ion and eithengbler 2-naphthol (Harel et al.,

2004).

It was hypothesises (Draganov et al., 2005; Ngwetead., 2009) that the native activity
of PONL1 could be lactonase activity, for which tree cystein 284 in PONL1 structure is
very important (Yilmaz, 2012) and that the physgi@l substrate could be some
derivates of fatty acid oxidation process such dsydroxy - 6E, 8Z, 117, 147 -
eicosatetraenoic acid (5-HETE) lactone that resialé¢DL or some lactones which are
consumed as food ingredients or drug metabolitaatirfs, spironolactone and
glucocorticoid y-lactones). Furthermore was shoWwat thomocysteine thiolactone is
naturally occurring substrate of PON1 (Jakubow2@00). Homocysteine thiolactone is
a metabolite of homocysteine that can impair profenction leading to endothelial
dysfunction and vascular damage (Macharia et @lL2p By detoxifying homocysteine
thiolactone, PON1 protects proteins against homeaygdation (Perla-Kajan&
Jakubowski, 2010; Yilmaz, 2012). Other group oftdaes that could be degraded by
PON1 are acyl-homoserine lactones, small quorunsisgnsignaling molecules of
Gram-negative bacterium Pseudomonas aeruginosaidéteenas aeruginosa uses
these lactones to coordinate phenotypic changedudimg biofilm formation and

virulence factor secretion (Estin et al., 2010;,Rail2).

In vitro assays have shown that PON1 can inhibit {[dw-density lipoprotein) lipid
peroxidation and inactivate LDL-derived oxidizedogpholipids. This could potentially
reduce the serum content of the oxidized lipidsoimed in the initiation of
atherosclerosis (Mackness et al., 1991; Mackneak, €t993; Watson et al., 1995).

It was shown, that PON1 have also peroxidase-liévity (Aviram et al., 1998b;
Précourt et al., 2011) — it is capable to hydrolggdrogen peroxide, reduce lipoprotein

peroxides (by 19%) and cholesteryl linoleate hydrogides (by 90%).
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1.3.3. Determination

The activity of paraoxonase 1 is determined towadiflerent types of substrates. For
the measurement of arylesterase activity of PONehplhacetate as substrate is used
(Eckerson et al., 1983). The paraoxonase actifiB@NL1 is determined using
paraoxon as substrate (Eckerson et al., 1983; kawsder et al., 1998; Ferré et al.,
2002). For the determination of PON1 activity todsaftactones different substrates are
used — methods with 5-thiobutyl butyrolactone (G&al & Tawfik, 2007),
dihydrocoumarin (Draganov et al., 2000), 2-coumanan(Billecke et al., 2000) and

homogentistic acid lactone (Billecke et al., 200@)e previously described.
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2. Aims and scopes

The aim of this doctoral thesis was to investigdte behaviour of three antioxidant
enzymes — superoxide dismutase, catalase and pa@sx in different

pathophysiological states.

This thesis was focused on antioxidant enzymewiiet and their changes in acute
phase of the disease such as sepsis or acute agitisrevhere the activities were

followed up in the course of sepsis or acute paiitie

In chronic states such as metabolic syndrome, paticr carcinoma or chronic
pancreatitis the antioxidant enzymes activitiesemeompared with those of healthy

volunteers.
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3. Materials and Methods

3.1. Pathophysiological states studied

Antioxidant status and oxidative stress markersewasserved in different types of
pathophysiological states. Patients with metabdyndrome (MetS), depressive
disorder (DD), sepsis (SP), pancreatic cancer (Bl@pnic pancreatitis (CP) and with
acute pancreatitis (AP) were involved in the stadi antioxidant status. The short
characteristics of all studied groups are summdrinethe Table 1. Informed consent
was obtained from all participants. The study prote were approved by the Ethical
Committee of the First Faculty of Medicine, Challésversity Prague or by the Ethical
Committee of the University Teaching Hospital, Rrag

Table 1: Characteristics of the studied groups of @tients

N (M/F) | Age (years) Reference

MetS | 40 (20/20)| 58 (53 - 62)| Vavrova et al. (2013) — Supplement 1

DD 35(0/35) | 61.5+16.5 Kodydkova et al. (2009) —dament 3

30 (16/14)| 57.7 £ 15.3| Novak et al. (2010) — Supplement 4
SP
19 (10/9) | 74 (56-79) | Vavrova et al. (under review) — Supplement 7

PC | 50 (40/10)| 63 (56 - 68)
Kodydkova et al. (2013) — Supplement 2

CP | 50 (40/10)| 59 (53 - 65)

AP 13 (9/4) | 56.1+ 21.5 | Vavrova et al. (2012) — Supplement 5

MetS: metabolic syndrome, DD: depressive disor@&#®; patients with sepsis, PC:
pancreatic carcinoma, CP: chronic pancreatitis, Aicute pancreatitis; M: male, F:

female

The exclusion criteria in all studies were the duling: current antioxidant therapy,
excessive alcohol consumptior> (30 g/day), hormonal replacement therapy,
supplementation with polyunsaturated fatty acidstonic, immunosuppressive and

anti-inflammatory therapy; manifestation of cardiegular and/or cerebrovascular
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diseases, diabetes mellitus type 1, liver (witheg@tion of non-alcoholic fatty liver
disease) and kidney diseases (creatinine > 130 /Ppmlicroalbuminuria (urinary
albumin 30 - 300 mg/day), hypothyroidism and redaf¢ctions, malignancies (with
exception of PC). Persons who were operated onruggstrointestinal tract (in the
previous 1 year) and subjects after systemic inflation in the previous 6 months

were also excluded.

3.2. Blood sample collection and preparation

All blood samples were obtained after overnightifas Blood was taken puncturing a
peripheral vein. Activities of CAT and CuzZnSOD weneeasured in haemolysed
erythrocytes and both activities of PON1 were deteed in serum. Serum was also
used for the determination of all other parametéie blood samples for CAT and
CuzZnSOD measurements were collected into the twbds K.EDTA. Erythrocytes
were separated by the centrifugation at 3500 rpAi@tfor 10 minutes and then washed
three times with a NaCl isotonic solution (9 g/8erum was prepared following
coagulation in vacutainer tubes, by centrifuga@r8500 rpm at 4°C for 10 min. The
samples were stored at -80°C until assay. The hadogacal parameters were carried
out by routine laboratory techniques using an awdbaer (Coulter LH750 -
haematological analyzer, Beckman Coulter).

3.3. Measurements of antioxidant enzyme activities

The methods for measurement of antioxidant enzymwesiase, superoxide dismutase
and arylesterase — PON1 activities were descrilmedietail in the publication of
Kodydkova et al. (2009). The CAT activity was detared by the modified method of
Aebi (1974). The determination is based on the twong of the rate of ED;
degradation at 240 nm. The reaction mixture in tlegecontained 87@l of 50 mM
potassium phosphate buffer, pH = 7.2 anduR®f diluted sample. The reaction was
started after 10 minutes of incubation at 30 °Caliglition of 99ul of 10 mM HO..
Blank was run for each sample. Catalase activity walculated using the molar
extinction coefficienbf H,O, 43.6 M* cm* and expressed as kU/g haemoglobin (U =

umol/min).

The activity of CuZnSOD was determined accordingh® modified method of Stipek

et al. (1995). The reaction mixture in cuvettestamed 700ul of 50 mM potassium
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phosphate buffer, pH = 7.2; 30 of xanthine oxidase; 100l of NBT and 50ul of
diluted sample. The reaction was started after Iflut@s of incubation at 25 °C by
addition of 100pl of 1 mM xanthine. The rate of NBT-formazgeneration was
monitored spectrophotometrically at 540 nm. Blankswrun for each sample.
Superoxide dismutase activity was calculated by nweaf calibration curveand
expressed as U/g haemoglobin (Wmol/min).

The arylesterase activity of PON1 was measuredrdompto the method of Eckerson
et al. (1983) using phenylacetate as a substratefly8 900 ul of 20 mM Tris-HCI
buffer containing 1 mM Cagl pH=8.0 was added to cuvettes followed by B0f
diluted serum sample. The reaction was started dmjitian of 50 pl of 100 mM
phenylacetate. The rate of phenol generation wasitored spectrophotometrically at
270 nm. Blank was run for each sample. Arylesteemswity of PON1 was calculated
using the molar extinction coefficient of the prodd phenol, 1310 Ntm™ and

expressed as U/ml serum (Uumol/min).

Paraoxonase activity of PON1 was measured usingogan (O,O-Diethyl O-(4-
nitrophenyl) phosphate) as a substrate in tubetaizong 940ul of 90 mM Tris-buffer
(pH = 8.5, with 2 mM CaG) and 50ul of 100 mM paraoxon. The reaction was started
by addition of 10ul of serum and measured at 405 nm at 25 °C. Theitgctvas
calculated using the molar extinction coefficiehtlee produced p-nitro-phenol, 18053

M™cm™ and expressed in U/l serum.

The lactonase activity of PON1 was determined afingrto the modified method of
Draganov et al. (2000). Briefly, to 800 ul of 50 mMM\RIS-buffer (pH = 8, with 1 mM
CaClb) in cuvettes 100 pul of diluted serum sample watedd The reaction was started
after incubation at 30 °C for 5 minutes with 100 @fl dihydrocoumarin (final
concentration 1 mM). The increase in absorbancg7@tnm was monitored along 2
minutes. Kinetic rate was estimated during thedirghase of reaction and converted to
the enzyme activity using the molar extinction éoednt of the reaction product 3-(2-
hydroxy-phenyl)-propionate: = 1295 dmimol‘cm™), (Rainwater, 2009). The lactonase

activity of PON1 was expressed as U/ml serum (urol/min).
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3.4. Measurements of markers of oxidative stress

In all studies concentrations of conjugated diemeprecipitated LDL (CD-LDL) as
marker of oxidative stress were measured. In sdodies also levels of nitrotyrosine
(NT) and/or oxidized LDL (ox-LDL) were establishe@oncentrations of CD-LDL
were measured by the modified method of Wielandle{1983). Serum low density
lipoproteins were isolated by the precipitation Inoek of Ahotupa et al. (1996). 110
of serum with EDTA (10:1) was added to 1 ml of @4 citrate buffer (pH = 5.05,
with 50.000 U/l heparin), the suspension was thetubated for 10 min at room
temperature. The precipitated lipoproteins wereasspd by centrifugation at 2800 rpm
for 10 min and the pellet was resuspended in [1I06f NaCl isotonic solution (9g/l).
Lipids were extracted by dichlormethan — metharfall) mixture, for the phase
separation 25@l redistilled water was used. The mixture was d¢rged at 3000 rpm
for 5 min. The 80Qul of lower layer (infranatant) was dried under ogen, redissolved
in 300 pl of cyclohexane, and analyzed spectrophotomelyicat 234 nm. The
concentration of CD was calculated using the mekdinction coefficient (2.95 x 10

Mcm™) and expressed as mmol/l serum.

The concentration of NT was measured using the ELd$ (Hycult biotech, HK 501).
The NT ELISA is a solid-phase enzyme-linked immurbent assay based on the
sandwich principle. The levels of ox-LDL were edtied with the ELISA kit
(Mercodia). Oxidized LDL ELISA is a solid phase tsibe enzyme immunoassay. This
method is based on the mouse monoclonal antibodhychwis directed against a
conformational epitope in oxidized ApoB-100.

3.5. Measurements of antioxidant enzyme cofactors

and lipid parameters

The concentrations of serum amyloid A (SAA) werdedained using solid phase
sandwich ELISA kit (Invitrogen, KHA 0011).

All routine clinical tests were measured at thstitute for Clinical Biochemistry and
Laboratory Diagnostics of General University Hoabih Prague: Copper and zinc were
measured using atomic absorption spectrometry. €dration of calcium was

established by the photometric method with o-kféslelxon. High-density lipoprotein
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cholesterol was determined in the supernatant afteeipitation of lipoproteins B by
PTA/Mg®, using the kit (Boehringer Mannheim, Germany). Gmnirations of apo A-|
were measured by the Laurell rocket electroimmusmasising standard and specific

antibodies (Behringwerke Marburg, Germany).

3.6. Statistical analysis

The meant standard deviation (S.D.) for parametric values amedian (2%-75"
percentiles) for non-parametric values were usedhe data expression. Normality of
distribution of data was tested with Shapiro-WiMlks test. Differences between two
compared groups were tested with t-test for paraonlues and Mann-Whitney U test
for non-parametric values. Differences betweenethoe more compared groups were
tested with one-way ANOVA with Scheffé and Newmaedks post tests. For
nonparametric analysis Kruskal-Wallis ANOVA was disé&riedman ANOVA was
used for dependent analysis. The Spearman cooelaefficients were used for
correlation analysis. All statistical analyses weegformed using versions 7.0 to 9.0 of
StatSoft software Statistica (2007, CZ).

31



4. Results

4.1. Metabolic syndrome

Into the study were included 40 patients with M&® male/20 female) and 40 sex- and
age matched volunteers (CON) without MetS. The rmbag of MetS was done
according to the International Diabetes Federatiteria (Alberti, 2005). The activities
of CuzZnSOD, CAT and PON1-A were assessed. As madfepxidative stress,
concentrations of CD-LDL were determined. Furthemrievels of CuZnSOD cofactors
— copper and zinc, PON1 cofactor Ca as well asldeskapo-Al and HDL-C were

determined.

In the MetS group, 21 patients (52.5%) had three patients (32.5%) four and 6
patients (15.0%) had all five basic components @t$1(abdominal obesity, raised

glucose levels, raised TG levels, hypertensionjced HDL-C).

The subjects with MetS had elevated activities aiZ@SOD (p < 0.01) and
concentrations of CD-LDL (p < 0.001). On the othand, activities of CAT (p < 0.05)
and PON1-A (p < 0.05) were found to be decreasetels of apo-Al (p < 0.01) and
HDL-C (p < 0.001) were significantly decreasedhe patients with MetS. There were
found no differences in concentrations of Cu, Znl &a between MetS and CON

groups.

In the correlation analysis in MetS group, positteerelation was found between PON1
activity and apo-Al (r = 0.498, p < 0.001) and HDL{r = 0.459, p < 0.01)
concentration. The same correlations were alsoreéddn the whole group (MetS +
CON, N = 80), furthermore -correlations between vatgti of CuzZnSOD and
concentration of Zn (r = 0.363, p < 0.01) were fdumthe whole group. There were no
correlation between CuzZnSOD activity and level efusn copper. Negative correlation
was observed between activity of CAT and concenmmabf CD-LDL (r = -0.233, p <
0.05). The concentration of CD-LDL correlated pesily with the number of MetS
components (r = 0.442, p < 0.01).

More results could be found in the publication @wbva et al., 2013 (Supplement 1).
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4.2. Depressive disorder

In the study of depressive disorder 35 drug-naivenen with DD and 35 age-matched
healthy women were investigated. Depressive disowdes diagnosed according to
Diagnostic and Statistical Manual of Mental DisosjeFourth Edition, DSM-IV

(American Psychiatric Association, 1994). All patie were evaluated using Hamilton
Depression Rating Scale (HAM-D). The activitiesGiZnSOD, CAT and PON1 — A
were observed. As marker of oxidative stress canagons of CD-LDL were

determined. Furthermore levels of CuzZnSOD cofactersopper and zinc, PON1

cofactor Ca as well as levels of apo-Al and HDL-€&evdetermined.

Erythrocyte activities of CuZnSOD and concentradiof CD in precipitated LDL were
increased in depressive women in comparison widtiime CON. Activities of CAT and
PON1-A were not altered in patients with DD. Nof@iénces were also found in

concentrations of copper, zinc, calcium, HDL-C quoAAL.

In women with DD, activities of PON1 were positiyalorrelated with concentrations
of HDL-C (r = 0.457, p < 0.01), apo A-1 (r = 0.3f9< 0.05) and calcium (r = 0.371, p
< 0.05). Furthermore, activities of CuzZnSOD weresipeely correlated with
concentrations of zinc (r = 0.393, p < 0.05), théré were no significant correlation
with copper. Positive correlation was observed ketwactivity of CuZnSOD (r =
0.483, p < 0.01) or CAT (r = 0.550, p < 0.01) amheentrations of CD-LDL in DD
women. In the whole group (DD + CON, N = 70) theules were similar; however
there were no correlation between activity of Cu@itor CAT and levels of CD.

More results could be found in the publication afdydkova et al., 2009 (Supplement
3).

4.3. Sepsis and septic shock

Two different studies were done with the patient$esing from sepsis. In the first pilot
study only the paraoxonase and arylesterase aesivaif PON1 and concentrations of
HDL-C in serum were determined. Thirty septic patse(SP) and 30 age- and sex-
matched outpatient controls (CON) without clinieald laboratory signs of sepsis were
included into this pilot study. Patients fulfilléde criteria of sepsis according to the
Society of Critical Care Medicine/American Collegef Chest Physicians
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SCCM/ACCP) definitions (Bone, 1992) not longer th2éh hours together with the
following criteria for inclusion: APACHE Il score 10 (Knaus, 1985) and C-reactive
protein in serum» 20 mg/l. The samples of SP were taken two timesduhe first 24
hours after onset of sepsis and then 7 days aftavery. The samples after recovery
were available in 11 patients. Six patients (20diep of sepsis. The main source of
sepsis were lungs — in 14 cases, other sourceswegamis catheter infection (6 cases),

abdominal infection (6 cases) or urinary tract dtifen (3 cases).

Significantly decreased arylesterase and paraoroaetivities of PON1 and levels of
HDL-C were found in SP relative to controls. Afteccovery both activities of PON1
reached nearly the control levels, although a Sggmt increase compared to the onset
of sepsis was observed only in activity of PON1A#so the levels of HDL-C reached
the control level and were significantly highereaftecovery in comparison with those
in sepsis. No significant difference between swksvand non-survivors was found in
the PONL1 activities, however there was a trend tdWawver arylesterase PON1 activity
in non-survivors as compared to survivors (64.929483 vs. 94.13 £ 36.14; p = 0.07).
Regardless of the source of sepsis, there wereiffevethces in PON1 activities or

concentrations of HDL-C among septic patients.

In this study strong positive correlation was desiated between both PON1 activities
(r = 0.725, p< 0.001) in the whole group (SP + CON, N = 60) al a®in the SP (r =
0.667, p< 0.001). Both PON1 activities also correlated pesiy with the HDL-C
concentrations (PON1-A: r = 0.684,90.001; PON1-P: r = 0.352, 9 0.01) in the
whole group, while in SP there was significantlysgiwe correlation only between
PON1-A and HDL-C (r = 0.560, £ 0.01).

More results could be found in the publication @Mk et al., 2010 (Supplement 4).

Thirty SP, 30 healthy CON and 15 critically ill patts without sepsis (NS) were
involved into the second study concerned with seplhe criteria of involvement into
the study were the same as in the pilot study.Semeples of SP were taken three times
during the first 24 hours after onset of sepsi9),(31days after the first sampling (S7)
and then 7 days after recovery (R7). The samples efcovery were available in 19

patients. Samples from CON and non-septic grou wbtained once. Eight patients
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(26.7%) died of sepsis and 3 patients were loshffalow up because they never fully

recovered from sepsis.

In the first part of this study the changes in @atant status and oxidative stress
markers were analysed in severe sepsis/septic stnodkafter the clinical recovery
phases and compared with CON. The activities of€@832D, CAT and PON1-A were
determined together with levels of oxidative stresgkers: CD-LDL, ox-LDL and NT.
The concentrations of HDL-C, Apo-Al, Ca, Cu, Zn,dfel SAA were also measured.

In this study CuzZnSOD activity was increased ingtl returned to the CON value
already in S7. The decline in the CAT activity foun S1 and S7, returned to the CON
level in R7. Marked fall in the PONL1 activity appea at the onset (S1) and persisted
until recovery (R7). Decreased PONL1 activity wassely followed by the decrease in
HDL-C and ApoAl concentrations. Whereas SAA coneditn was significantly
increased in S1, marked decline was observed ian87reached nearly CON level in
R7. Furthermore the decrease in Zn was observédtm S1 and S7 compared to HC
nevertheless the decline returned nearly to the G@Mes in R7. However, the
decrease in Fe observed in S1, persisted stillys ddter recovery (R7) and never
reached the CON levels.

The levels of ox-LDL/LDL, CD/LDL and nitrotyrosinavere increased in S1,
culminated in S7 and returned to the HC valuesin R

In the septic group (S1) positive correlation wasnfd between PON1 activity and
concentration of HDL-C (r = 0.613, p < 0.01) andyaigve correlation was observed
between PONL1 activity and levels of CD/LDL (r =682, p < 0.05) and ox-LDL/LDL

(r = -0.605, p < 0.05). The levels of CD/LDL coatdd positively with levels of ox-

LDL/LDL (r = 0.644, p < 0.01). No significant cote¢ion was found between activity
of CuzZnSOD and concentrations of Cu or Zn and betw&AT and concentration of
Fe.

More results could be found in the publication @wbva et al. (currently under

review; supplement 7).

In the second part of this study activities of exiilant enzymes and markers of
oxidative stress in septic patients and non-septically ill patients were compared.

As previously mentioned 15 critically ill patientgthout sepsis were enrolled into the
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study according to their sex, age and APACHE IlIrecd’hese NS patients were
matched with SP patients. The activities of CuZnSQAT and PON1-A were
determined together with levels of oxidative stresskers: CD-LDL and ox-LDL. The

concentrations of HDL-C, Apo-Al, Cu, Zn, Fe and S®Are also measured. The basic

characteristics are summarised in Table 2.

Table 2: Basic characteristics of septic patientsra non-septic patients

SP NS CON
N (M/F) 15 (9/6) 15 (9/6) 15 (9/6)
Age (years) 74 (61-79) 70 (57-79) 71 (58-79)
APACHE Il score 16 (13-20) 17 (13-20) -
CRP (mg/l) 96.0 (47.0-185.5)*** 84.8 (4.8-130.6)** 2.1 (2.88).
PCT (mg/l) 2.39 (0.79-10.0)%" 0.28 (0.14-0.73) 0.585 (0.32-0.90
IL-6 (ng/l) 114.0 (51.0-313.1)*** 21.5 (10.9-48)** 1.15 (0.58:86)
IL-10 (ug/l) 8.58 (5.12 - 16.57)*** 5.16 (1.76-6.98)*** 0.79 @ - 1.03)
TNF- a(pg/l) 21.8 (11.9 - 39.2)*** 6.54 (4.16 - 9.50) 11.89 (B.814.47)
TC (mmoll/l) 3.04 £ 0.71%** 3.31 £ 1.14*** 577+1.05
TG (mmol/l) 1.30 £ 0.48 1.28 +0.51 1.41 + 0.68
LDL-C (mmol/l) 1.76 = 0.55*** 1.77 £ 0.93*** 3.67 £0.75

Ferritin (pg/l)

336.6 (196.9 - 1297.5)"

356.1 (222.2-1346.

BP78.4 (193.9-646.4

Transferin (g/l)

1.58 (1.46 -1.91)***

1.92 (1.40 - 2.47)*

2.50 (2.45 - 2.65)

APACHE Il score: Acute Physiology and Chronic Hedttvaluation Il score, CRP: C-
reactive protein, PCT: procalcitonin, IL: interleuwk TNF-a: tumour necrosis factot,,
LDL: low density lipoprotein, TC: total cholesteyol'G: triglycerides; SP: septic
patients, NS: critically ill patients without sepsiCON: healthy volunteers; *SP or NS
vs. CON, *** p<0.001, ** p<0.01, * p<0.05;"SP vs. NS,"" p <0.001,”" p <0.01,
“p <0.05; one-way ANOVA with Newman-Keuls post tespdoametric and Kruskal-

Wallis ANOVA for non-parametric analysis.
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Figure 7: Oxidative stress markers

SP: septic patients, NS: non-septic criticallypltients, CON: healthy controls; CD:
conjugated dienes, ox-LDL: oxidized LDL, LDL: loendity lipoprotein; *SP or NS vs.
CON, *** p <0.001, ** p<0.01, * p<0.05;"SP vs. NS}" p <0.01,”"" p <0.001;

one-way ANOVA with Newman-Keuls post test.
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Figure 8: Superoxide dismutase and catalase and tineofactors

SP: septic patients, NS: non-septic critically ghtients, CON: healthy controls;
CuZnSOD: copper-zinc superoxide dismutase, CAElase; *SP or NS vs. CON, ***
p <0.001, ** p<0.01, * p<0.05;"SP vs. NS}" p <0.01,”™" p <0.001; one-way
ANOVA with Newman-Keuls post test.
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As shown in Figure 7 the levels of oxidative stresarkers were increased in both
patients group (SP and NS, respectively) compaoe@®N, however there was no
difference between the SP and NS subjects.

The activities of CuzZnSOD were significantly higherSP in comparison with NS and
with CON. In the contrast to CuZnSOD, activitiesSGAT and levels of Zn and Fe were
significantly decreased in SP as well as in NS camagbto CON (Figure 8).

The activities of PON1-A and concentrations of HDLand Apo-Al were depressed in
both patient groups compared to CON. In contrasticentrations of SAA were
elevated in SP and NS in comparison with CON (Fed)c

PON1-A SAA
250 - 2500 - ok k
200 - 2000 s
* %% * %
E 150 - % 1500 -
S 100 3 1000
50 - 500 -
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Figure 9: Paraoxonase and parameters connected witPON1 function

SP: septic patients, NS: non-septic criticallypditients, CON: healthy controls; PON1-
A: paraoxonase — arylesterase activity, HDL-C: hig@nsity lipoprotein cholesterol,
Apo: apolipoprotein, SAA: serum amyloid A; *SP @& Ms. CON, *** p<0.0001, ** p
<0.001;"SP vs. NS, p <0.05; one-way ANOVA with Newman-Keuls post test.
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4.4. Acute pancreatitis

Into our study 13 patients with acute pancreafAiB) were included together with 13
sex- and age- healthy controls (CON) and 13 sed-ame- matched controls enrolled
from persons that suffered from AP 2 — 3 years (&fP). In this study, patients in the
course of AP were observed. The blood samples ta&en four times — in the first 24
et (AP3), on thesday (AP5)
and on the 10 day (AP10) of disease. Gallstones were found astiafogical factor in

hours of disease (AP1), after 72 hours from disesrst

8 cases, alcohol intake in 2 cases, endoscopiagranie cholangio-pancreatography in
one case and 2 cases were idiopathic AP. Eightmtatsuffered from mild form of AP,
four patients from moderate and one patient foritical form of AP.

In all studied groups markers of oxidative strebsvg]l of conjugated dienes in
precipitated LDL and level of oxidized LDL) and dies of CuZnSOD, CAT, PON1-
A and PON1-L were determined. Also the levels of Zn, Fe, Ca, HDL-C and Apo-

Al were established.

In our study increased oxidative stress in AP wasfiomed, with higher levels of
CD/LDL in all AP samplings compared to CON (p <%).@nd with increased levels of
ox-LDL during the AP with the maximum on th& Bay. Both PON1 activities were
depressed in all AP samplings in comparison to COM lowest activity of PON1-A
was observed on thé"Slay. Also the levels of HDL-C and Apo-Al were dexed in
all AP samplings compared to controls. ActivitigGuZnSOD and CAT in AP did not
differ from those of CON.

Positive correlation between both activities of FON= 0.742, p < 0.01) was found in
the AP group (AP1). The activity of PON1-A correldtpositively with Apo-Al(r =

0.657, p < 0.05) and with concentration of Ca (0.669, p < 0.05). The activity of
PON1-L correlated positively with HDL-C (r = 0.664, < 0.05) and also with
concentration of Ca (r = 0.711, p < 0.05). No digant correlation was found between
activity of CuzZnSOD and concentrations of Cu or Znd between CAT and

concentration of Fe.

More results could be found in the article of Vaxaet al. 2012b (Supplement 5).
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4.5. Pancreatic cancer and chronic pancreatitis

The study population consisted of three groupgdients with pancreatic cancer (PC),
50 patients with chronic pancreatitis (CP) and B@ltty controls (CON). All groups
are age and sex matched. Among our 50 patients R@ttihere were following stage
distribution: 9 patients - grade Il, 24 patienggrade Ill, 17 patients - grade IV. Among
50 patients with CP there were 30 patients wittesegrade, 17 with moderate, and 3
with mild grade changes in pancreatic morphologigoAolic CP was diagnosed in 38
patients, obstructive CP in 5 subjects, and 7 petiexperienced idiopathic CP. The
activities of CuzZnSOD, CAT, PON1 — A and PON1 — kre assessed. As marker of
oxidative stress, levels of CD-LDL, Ox-LDL and NTere determined. Furthermore
levels of CuzZnSOD cofactors — copper and zinc, PObfactor Ca as well as levels of
apo-Al, HDL-C and SAA were determined; the concdiins of Fe were also
established.

Elevated levels of oxidative stress markers ox-UM/ and CD/LDL were observed
in CP and PC compared to CON. The concentratiodéTolvere found to be increased
only in CP in comparison with CON. Increased atitgi of CuZnSOD and decreased
activities of CAT, PON1-A and PON1-L were foundR& compared to CP and CON.
The activities of PON1 were depressed also in CRamparison with CON. In
activities of CAT and CuzZnSOD no differences betw&¥® and CON were observed.
Increased levels of Cu, Zn and SAA and decreasezlsi®of Fe, HDL-C and Apo-Al

were observed in PC relative to CON.

In the whole group (CP + PC + CON, N = 150) negaturrelation between activity of
CuzZnSOD and concentration of Zn (r = -0.196, p 85p.was found. Strong positive
correlation between both activities of PON1 (r 80&; p < 0.001) was observed. Both
activities of PON1 correlated positively with HDL{€= 0.453, p < 0.001; r = 0.474, p
< 0.001; respectively) and Apo Al (r = 0.538, p €01; r = 0.515, p < 0.001;

respectively) and negatively with SAA (r = -0.248< 0.01; r = -0.384, p < 0.001;

respectively). The levels of ox-LDL/LDL correlatgmbsitively with concentration of

SAA (r =-0.414, p < 0.001) and negatively with baictivities of PON1 (r = -0.309, p

< 0.001; r =-0.358, p < 0.001; respectively).

More results could be found in the publication aidgdkova et al. 2013 (Supplement 2)
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5. Discussion

Activities of three different antioxidant enzymeserythrocytes: CuzZnSOD, CAT and
PON1 together with markers of oxidative stresserusy — CD-LDL, ox-LDL and NT
were established in six different pathophysiologictates. Furthermore serum
concentrations of enzymatic cofactors such as @u,F&2 and Ca and levels of some
lipid parameters — HDL-C and apo-Al and in soméisticoncentrations of SAA were
determined. Patients with metabolic syndrome, degsive disorder, sepsis or septic
shock, pancreatic carcinoma, chronic and acute rpatits were included into the
studies dealing with oxidative stress and statientibxidant defence system.

In all these above mentioned diseases increasetslefoxidative stress markers were
observed compared to CON. In all studies conceatratof CD-LDL were measured.

The levels of ox-LDL were determined in patientsthwiCP, PC, AP and sepsis.
Although in all studies increased oxidative stregss observed, the activities of
measured antioxidant enzymes were not affectetl ihesse diseases.

51. Catalase

Decreased activities of catalase were observedtiergs with sepsis or septic shock,
MetS and PC in comparison with CON, while in pasewith DD, CP and AP no
differences in CAT activity were detected.

The results of MetS studies previously publishesl iaconsistent. In accordance with
our results Kozirég et al. (2010) found decreasé@d @ctivity in erythrocytes of MetS

compared to CON. However no difference in erythted@AT activity between MetS

and CON were observed in two other studies (Broatel., 2010; Pizent et al. 2010).
Cardona et al. (2008a, 2008b) found increased iaetivof serum CAT in MetS.

Furthermore decreased activities of CAT were dbedriin patients bearing only
individual components of MetS — obesity (Viroonuddrl, 2000), hypertension

(Rodrigo, 2007) or insulin resistance (Shin, 2006).

Activities of CAT in erythrocytes were not alterea our set of DD women, in
accordance with Bilici et al. (2001). However, Gieet al. (2009) observed increased

activity of CAT in erythrocytes in depressive pate compared to CON, Szuster-
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Ciesielska et al. (2008) found raised activitiesC#T in serum of patients with major
depression. In the study of patients with multipéerosis Miller et al. (2011) found
elevated erythrocyte CAT activity in comparison twitontrols, regardless of the
depression. Ozcan et al. (2004) described decréasddactivities in erythrocytes of

patients with affective disorders.

In the studies dealing with activities of CAT in 8# results are contradictory to our
ones. Increased CAT activity was found in both leytytes and plasma (Warner et al.,
1995) and also in serum (Leff et al., 1992 and let¢fél., 1993) of adult SP. Increased
serum CAT activity was observed also in neonatpsise(Kapoor et al., 2006). Leff et
al. (1993) had reported that SP suffering from easpiratory distress syndrome
(ARDS) had higher activities of serum CAT than &n@&P without ARDS. However
Metnitz et al. (1999) did not find any alteratiomsthe erythrocyte CAT activity in
patients with ARDS.

To the best of my knowledge, there is only one stehling with the CAT activity in
PC and in the contrast to our study, no changeSAM activity were found (Fukui
2004).

No significant difference in CAT activities of CRupents observed in our study, were
consistent with results of Fukui et al. (2004).the contrast, other authors described
increased (Szuster-Ciesielska, 2001a, Szusterelikai 2001b) and also decreased
(Quillot, 2005) CAT activities in patients with CP.

In accordance with our results no difference inttegcyte CAT activity between AP
and CON were found in study of Chmiel et al. (2002was shown, that serum CAT
activity was higher in AP than in CON (Goth, 1989¢th, 1982; Szuster-Czielska,
2001a; Fukui, 2004).

As mentioned above we found either decreased dnamnged activities of erythocyte
CAT in observed disaeses. All these diseases warected with increased oxidative
stress as shown with elavated levels of CD-LDL exxd.DL. Oxidative stress is caused
by the imbalance between RONS production and dagoad It could be supposed, that
in higher concentration of hydrogen peroxide, atke activity of CAT will be

increased. It is known that CAT belongs to the nedfdctive enzymes, the catalactic

rate of catalase is among highest of known enzynraties (Kirkman et al., 2006).
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However it was previously shown that long-term esgpe of CAT to HO, leads to the
oxidation of the catalase bound NADPH to NAD&nd to a decrease in the initial
activity of CAT about to 30 % of the initial acttyi(Kirkman et al., 1987).

5.2. Superoxide dismutase

Increased activities of CuZnSOD were observed in9y®D, PC and SP, while no
difference in CuZnSOD activities were found betwé&hor AP and CON.

The raised CuZnSOD activities in the erythrocytepatients with MetS found in our

study may be compared with the results of DimsrgeSreckovic et al. (2007), who

described slightly increased CuzZnSOD activitiechildren with MetS in comparison

with obese children without MetS. However the poergly described results are not
consistent, then in some studies decreased CuzZn&Dity in MetS patients were

observed (Kozirdg et al., 2010; Broncel et al.,®04nd in study of Pizent et al. (2010)
no difference were found between MetS patients @N. No difference between

MetS and CON were also observed in EC-SOD act{@grdona et al., 2008a).

We have found increased CuZnSOD activities in eogtytes of DD compared with
CON, similarly to Sarandol et al. (2007), Bilici &t (2001), Gatecki et al. (2009) and
Kotan et al. (2011). Inconsistent results were ighild for serum EC-SOD activities.
Herken et al. (2007) and Selek et al. (2008) haved decreased, whereas Khanzode et
al. (2003) and Szuster-Ciesielska et al. (2008yatél EC-SOD activities in patients

with major depression.

In line with our results of the study with patiemtgh sepsisWarner et al. (1995) found

the increased activity of CuZnSOD at the onset epss. On the other hand no
differences in CuZnSOD activity between septic &edlthy children (Cherian et al.,

2007) as well as in patients with ARDS were deté¢Metnitz et al., 1999). Also the

activities of EC-SOD were found to be elevated apt& neonates compared to CON
(Batra et al., 2000; Kapoor et al., 2006). Muh&kt(2011) did not find any difference
in EC-SOD activity between adult septic patientd @ON.

No significant difference in the activities of CUZAD in CP patients and controls,
found in our study, were consistent with the statl@uillot et.al. (2005). On the other
hand, decreased CuzZnSOD activity in CP patientsfaasd in the study of Girish et al.

(2011). Inconsistent results concerning serum S€Rides in hereditary and alcohol-
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related pancreatitis have been published. Somertseegmve described increased
(Mathew et al., 1996) or decreased (Szuster-Casaett al., 2001a) SOD activity and
in some studies no difference in SOD activitiesenfeund (Quillot et al., 2005, Quilliot
et al., 2001).

In the study with AP patients we didn’t find anyfdience between CuzZnSOD activity
in AP and CON. Furthermore the levels of CuZnSODenstable in the course of AP.
The published results about CuZnSOD activity in &f inconsistent. Some studies
observed increased (Chmiel et al., 2002) and sibececased (Abu-Hilal et al., 2006;
Park et al., 2003) CuZnSOD activity in patientshamild and/or severe AP. For EC-
SOD, increased levels in AP were described (Gothl.et1982; Goth, 1989; Szuster-
Czielska et al., 2001a; Thareja et al., 2009).

5.3. Paraoxonase

The arylesterase activity of PON1 was measuredlimbserved pathophysiological
states and was found to be decreased in all thiesgiens (with the exception of DD)
in comparison with CON. In patients with PC, CP @&Rlalso the lactonase activity of
PON1 was determined. In PC, CP and AP patientsR@N1-L activity was found to
be depressed compared with CON. As for paraoxomaatigity of PON1, it was
established only in the pilot study with septicipats. In septic patients lower activity
of PON1-P then in CON was found. The PON1-P agtiwas not determined more
because paraoxon which is used as substrate belmogscinogens.

The finding of decreased PON1-A in our subjecthwietS is in accordance with other
studies (Hashemi et al., 2011; Kappelle et al. 120artinelli et al., 2012). In patients

with MetS were also found decreased PON1-P ads/ifsenti et al., 2003; Garin et al.,
2005; Rizos et al., 2005; Park et al., 2010; Hashetnal., 2011; Akcay et al., 2011,

Martinelli et al., 2012). However in studies of Tabet al. (2010) and Lagos et al.
(2009) equivalent levels of PON1-P and PON1-A intMeatients and in CON were
found. Also in study of Yilmaz et al. (2010) nofdilence in PON1-P activities between
MetS and CON were observed, however MetS patieliitts eoronary artery disease
(CAD) had significantly lower activity of PON1-Peh MetS patients without CAD (p

< 0.008). No difference in PON1-L activities betwddetS and CON were observed
(Martinelli et al., 2012).
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No difference in PON1-A activities between DD an@NCwere found in our study in
accordance with study of Sarandol et al. (2006 phblished results are not consistent
then also decreased levels of PON1-A activitieBhsubjects were already described
(Barim et al., 2009; Kotan et al., 2011). In alidies dealing with PON1-P activity
equal levels of PON1-P were observed in DD subjacts CON (Sarandol et al., 2006;
Barim et al., 2009; Kotan et al., 2011).

In both our studies, deeling with critically ill S®e found lower PON1-A activity in in
comparison with CON in accordance with the studyDohganov et al. (2010). Also
PON1-P activities were found to be decreased inc@Rpared to CON in our pilot
study. Similarly Kedage et al. (2010) observedrelesed activity of serum PON1-P in

septic patients.

We found decreased PON1-A and PON1-L activitieB@hpatients compared to CON.
At the present time, the decreased PONL1 activit@patients was described only in
one study (Akcay et al., 2003a). However decre&@N1-A and/or PON1-P activities
were observed in other malignancies such as insbreancer (Samra et al., 2011),
prostate cancer (Samra et al., 2011), lung carteiirgn et al., 2007; Samra et al.,
2011), laryngeal cancer (Karaman et al., 2010)psamedrial cancer (Arioz et al., 2009),
gastroesophageal cancer (Krzystek-Korpacka e2@D8), gastric cancer (Akcay et al.,
2003b) ovarian cancer (Camuzcuoglu et al., 2008)yix carcinoma (Samra et al.,
2011), lymphoma (Samra et al., 2011), high gradengls (Kafadar et al., 2006) or
meningiomas (Kafadar et al., 2006). There is ndystlealing with PON1-L activities

in patients with any type of cancer.

The activity of PON1-A was established in experitabAP on animal model (36 male
Wistar rats). The pancreatitis was induceddiyograde infusion into the biliopancreatic
duct of 5% sodium taurocholate (severe AP) or ofsbidium taurocholate (mild AP)
Control animals received an intraductal infusiorsaline solution (0.9% NaClhn this
study they found no changes in PON1-A activity 8rdsaafter AP induction, by contrast
after 18 hours after AP induction they observedifitant decrease in PON1-A activity

in severe AP compared to controls (Franco-Ponk,&1G08).

In all studies, where two different activities 0OR1 were established, both PON1
activities correlated with each other. PON1-A atig correlated positively with
PON1-P activities in septic patients and with PQN4etivities in patients with PC, CP
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and AP in our studies. Positive correlations betw@&ON1-P and PON1-A were
previously described in patients with MetS (Tabuale 2010; Hashemi et al., 2011) or
with ovarian cancer (Camuzcuoglu et al., 2009).

Because PONL1 is carried in plasma/serum bound td Hdough Apo-Al, the
concentrations of HDL and Apo-Al in serum and datrens between PON1 activities
and concentrations of HDL and Apo-Al were alsoldsthed. In accordance with the
results of PON1-A activity in patients with MetS&psis or septic shock, PC and AP
decreased concentrations of both HDL and Apo-Alewleund. Positive correlation
between PON1-A activity and HDL concentration wasrd in patients with DD, MetS
and sepsis or septic shock. Positive correlatidwéen PON1-A activity and Apo-Al
concentration was observed in patients with DD, 3Jeepsis or septic shock, CP and
AP. It could be hypothesize, that changes in comipasof HDL influence the activity
and function of PON1.

Previously was shown that during the acute phasgorese, HDL structure is modified.
It loses esterified cholesterol, apo-Al, and moktthe HDL-associated enzymes
including PON1 and that afterwards PONL1 is repldog@&AA. These changes lead to
the loss of HDL antioxidative properties (Van Leemy 2003). The relationship
between SAA concentrations and PON1 activities ala® demonstrated in patients
with MetS (Kappelle et al., 2011).

The levels of SAA were investigated in our studieth CP, PC and SP. Patients with
PC and SP had higher concentrations of SAA than C@ile the SAA levels in CP
were equal to those of CON. In these studied groupsorrelations between PON1
activities and levels of SAA were observed. Thelifig of increased SAA levels in PC
patients in our study is consistent with resultethier studies (Yokoi et al., 2005; Firpo
et al., 2009). SAA was associated with tumour peegion and its metastasizing (Malle
et al., 2009). Some authors considered SAA as auumarker for PC, however, SAA
did not reach appropriate specificity and sensitivor PC diagnostics (Yokoi et al.,
2005; Firpo et al., 2009). Elevated levels of SAAsepsis were also demonstrated
previously (Eras et al, 2011; Cetinkaya et al.,20€non et al., 2007).

Severeal mechanisms are supposed to decrease P€@iMly.alt was shown, that
increased oxidative stress connected with elevéedls of oxidized LDL cause

inactivation of PON1. Oxidized LDL appears to ineate PON1 through interactions
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between the enzyme’s free sulfhydryl group and iaeidl lipids, which are formed

during LDL oxidation (Aviram et al., 1999). Hydrapides of LA inhibit the PON1

activity through the reaction with sulfhydryl groug its cystein 284 (Tavori et al.,
2011). Other reason for the decrease in PON1 #ctbauld be the glycation of the
enzyme, which takes place as was shown in diabet#gus (Hedrick et al., 2000). The
acute phase response could also lead to the dedreasivities of PON1 which are
caused by the down-regulation of liver PON1 mRNAe#Rin& James, 2004). In the
model of experimental acute pancreatitis was shomat the decrease of PON1
activities is connected with its inhibition by oxidd lipids and higher proteolytic

degradation (Franco-Pons et al., 2008).
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6. Conclusions

This doctoral thesis was focused on the behaviduthe antioxidant enzymes —
catalase, superoxide dismutase and paraoxonaséerent pathophysiological states.
Activities of these enzymes were investigated itigpés with metabolic syndrome,
depressive disorder, sepsis, pancreatic cancemichiand acute pancreatitis.

In patients with metabolic syndrome activities dif taree enzymes were altered in
comparison with healthy controls. The erythrocytetivities of CuZnSOD were
elevated and activities of CAT in erythrocytes &@N1-A in serum were decreased in
the MetS patients.

In women with depressive disorders only erythrocgtivities of CuZnSOD were
increased compared to controls. Activities of CAIO @ON1-A were not altered in DD

women.

Patients with sepsis had elevated levels of CuZn&€ilvities and decreased activities
of CAT and PON1-A and PON1-P compared to controls.

Patients with pancreatic carcinoma had elevatetthegyte activities of CuZnSOD and
decreased activities of CAT, PON1-A and PON1-L amparison with controls. In
patients with acute and chronic pancreatitis ordiivaies of PON1 were depressed
compared to controls. In activities of CAT and C82D no difference between AP or
CP and CON were observed.

It was also shown that the different types of paoaase activities correlate with each
other.

Our studies show that in pathophysiological st#tesactivity of CuZnSOD is elevated

and activities of catalase and paraoxonase aressgut when changed.
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